Virtually all cells exhibit metabolic flexibility and are capable of shifting their relative reliance on glycolysis versus mitochondrial respiration. Such shifts can occur at different timescales via a variety of mechanisms allowing cells to cope with prevailing nutrient availability or energetic demands. There is mounting evidence that targeting this shift may hold therapeutic potential. For example, many cancer cells rely on aerobic glycolysis (termed the Warburg effect)[@R1] and a recent study has shown that pharmacologically shifting their metabolism towards respiration can retard tumor growth[@R2]. Conversely, studies in animal models have shown that inhibition of mitochondrial respiration can prevent the pathological consequences of ischemia-reperfusion injury in myocardial infarction and stroke[@R3]-[@R7].

These observations motivate the search for agents that can safely induce shifts in cellular energy metabolism in humans. Promising work in this area has focused on hypoxia inducible factor (HIF)[@R8], a well-studied transcriptional regulator of genes involved in the cellular adaptation to hypoxia[@R9],[@R10]. HIF inhibitors and activators have been identified through both academic and pharmaceutical drug screens and have been shown to exhibit preclinical efficacy in cancer[@R11] and in ischemic disease[@R12]. Other approaches to treat ischemic injury include induced hypothermia, which has been met with mixed results[@R13]. New classes of agents that shift energy metabolism may yet provide important therapeutic value in a variety of human diseases.

Here, we utilize a nutrient-sensitized screening strategy to identify drugs that toggle cellular energy metabolism based on their selective effect on cell growth and viability in glucose versus galactose media. Nutrient sensitized screening is based on the evidence that mammalian cells redirect their energy metabolism in response to the available sugar source[@R14]. Culturing cells in galactose as the sole sugar source forces mammalian cells to rely on mitochondrial oxidative phosphorylation (OXPHOS) and is a strategy previously used to diagnose human mitochondrial disorders or drug toxicity[@R15],[@R16]. By screening our chemical library for drugs that selectively inhibit cell growth and proliferation in galactose relative to glucose, we identify a number of FDA approved compounds that redirect oxidative metabolism to glycolysis. We pursue the mechanism and therapeutic potential of one drug, meclizine, which is available without prescription, crosses the blood brain barrier, and has never been linked to energy metabolism.

RESULTS {#S1}
=======

A metabolic-state dependent growth and viability assay {#S2}
------------------------------------------------------

Consistent with previous studies focused on other cell types[@R14],[@R17], we find that human skin fibroblasts grown in glucose derive ATP from both aerobic glycolysis and mitochondrial glutamine oxidation ([Fig. 1a, c](#F1){ref-type="fig"}). However, when these cells are grown in galactose they exhibit a 5-6 fold decrease in the extracellular acidification rate (ECAR)[@R18], reflecting decreased glycolysis, and a 2-fold increase in the oxygen consumption rate (OCR), consistent with a switch to glutamine oxidation[@R14] ([Fig. 1b, c](#F1){ref-type="fig"}). Moreover, cells grown in galactose maximize mitochondrial ATP production by using a larger fraction of respiration for ATP synthesis ([Supplementary Fig. 1](#SD2){ref-type="supplementary-material"} online).

The metabolic flexibility of fibroblasts allows us to search for compounds that retard growth or are lethal to cells only in a given metabolic state. In a pilot experiment, we confirmed nutrient-dependent sensitivity of fibroblasts to known inhibitors of OXPHOS ([Supplementary Fig. 2](#SD2){ref-type="supplementary-material"} online). In order to screen a library of chemicals, we designed a high throughput microscopy-based growth assay to identify compounds that differentially affect growth and viability in galactose *vs*. glucose ([Fig 2a](#F2){ref-type="fig"}, [Supplementary Fig. 3a](#SD2){ref-type="supplementary-material"} online). Because the proliferation rates are higher for cells grown in glucose relative to galactose ([Supplementary Fig. 3b](#SD2){ref-type="supplementary-material"} online), we consider the normalized cell number in each of the two nutrient conditions. By measuring growth and survival over a three-day period, we were able to increase our power to discover compounds with even subtle effects on energy metabolism.

A small molecule screen for agents that shift energy metabolism {#S3}
---------------------------------------------------------------

We screened a library of 3,695 chemical compounds in duplicate. The library has been previously described[@R19] and consists of two commercially available compound collections that span nearly half of all FDA-approved drugs as well as other bioactives and natural products. We jointly analyzed the glucose and galactose results to assign each drug a score, *S~glu/gal~*, defined as the log ratio of normalized cell number in glucose divided by normalized cell number in galactose. The full table of results is provided in [Supplementary Table 1](#SD2){ref-type="supplementary-material"} online. Positive *S~glu/gal~* scores indicate drugs that are selectively lethal or growth inhibitory in galactose such as inhibitors of OXPHOS. Negative *S~glu/gal~* scores may arise from inhibition of glycolysis or from inhibition of proliferation, since fibroblasts cultured in glucose divide more rapidly ([Supplementary Fig. 3b](#SD2){ref-type="supplementary-material"} online). For most drugs *S~glu/gal~* is close to zero, indicating similar effects on growth and viability in glucose and galactose ([Fig. 2b](#F2){ref-type="fig"}). Reassuringly, the upper tail of the *S~glu/gal~* distribution ([Fig. 2b](#F2){ref-type="fig"}) is highly enriched for known respiratory chain and OXPHOS inhibitors: the top 25 compounds include 20 compounds previously known to disrupt respiration by directly interrupting or uncoupling electron transport from ATP synthesis ([Supplementary Table 2](#SD2){ref-type="supplementary-material"} online). Conversely, the lower tail is enriched for known anti-neoplastic agents ([Fig. 2b](#F2){ref-type="fig"}): 14 of the 25 lowest *S~glu/gal~* scores correspond to known chemotherapeutic agents that are likely selectively toxic to cells rapidly proliferating in glucose ([Supplementary Table 3](#SD2){ref-type="supplementary-material"} online).

We next asked if any clinically used drugs exhibit high *S~glu/gal~* scores. Amongst the top 2% of the *S~glu/gal~* distribution (83 compounds) we identified 25 agents that have been used clinically ([Supplementary Table 4](#SD2){ref-type="supplementary-material"} online). Previous reports provide evidence that nine out of these 25 drugs (papaverine, phenformin, artemisinin, pentamidine, clomiphene, pimozide, niclosamide, fluvastatin, carvedilol) can directly inhibit or uncouple the mitochondrial respiratory chain ([Supplementary Table 4](#SD2){ref-type="supplementary-material"} online). This list includes two anti-malarial drugs (mefloquine and artemisinin), the latter of which has been reported to require mitochondrial respiration in the parasite for its action[@R20]. The remaining 16 clinically used agents cover a broad range of indications and diverse mechanisms of action and, to our knowledge, have never been linked to energy metabolism. We were particularly interested in identifying compounds that induce subtle metabolic shifts, since they may represent particularly safe drugs with which to manipulate energy metabolism. To this end, we focused on commercially available drugs exhibiting low to intermediate, positive *S~glu/gal~* scores (0.45 to 0.15). We carried out secondary assays of OCR, ECAR and cell viability and confirmed that 8 of these agents induce statistically significant metabolic shifts ([Fig. 2c](#F2){ref-type="fig"}). Of these eight clinically used drugs, we were particularly interested in meclizine, which has been approved for the treatment of nausea and vertigo for decades, is available over the counter, has a favorable safety profile, and likely penetrates the blood-brain barrier given its efficacy in disorders of the central nervous system.[@R21]

Meclizine blunts respiration in a manner distinct from classic inhibitors {#S4}
-------------------------------------------------------------------------

In secondary assays we replicated our screening result and confirmed that galactose grown cells are more sensitive to increasing doses of meclizine ([Fig. 3a](#F3){ref-type="fig"}). In agreement with our secondary screening assay ([Fig. 2c](#F2){ref-type="fig"}), treatment with meclizine reduced the oxygen consumption rate (OCR) in a dose-dependent manner in cells cultured in glucose-rich media ([Fig. 3b](#F3){ref-type="fig"}). Meclizine-induced reduction in OCR and concomitant increase in the extracellular acidification rate (ECAR) occurred in all cell types tested, including immortalized mouse striatal cells, human embryonic kidney cells, and HeLa cells ([Fig. 3c-d](#F3){ref-type="fig"} and [Supplementary Fig. 4](#SD2){ref-type="supplementary-material"} online). Although meclizine is classified as a histamine receptor (H~1~) antagonist and a weak muscarinic acetylcholine receptor antagonist[@R22], the other 64 annotated H~1~ receptor antagonists and 33 annotated anti-muscarinic antagonists in our chemical library did not exhibit elevated *S~glu/gal~* scores (anti-cholinergic *P* = 0.26, anti-H~1~ *P* = 0.77; Mann-Whitney rank sum test). We tested two classic anti-histamines -- pyrilamine and pheniramine as well as two well characterized anti-muscarinic agents -- atropine and scopolamine for their ability to inhibit OCR. Unlike meclizine these agents did not inhibit cellular OCR ([Supplementary Fig. 5](#SD2){ref-type="supplementary-material"} online). These results suggest that meclizine's effect on energy metabolism occurs via a mechanism not involving cholinergic or histamine receptors.

Meclizine's suppression of cellular oxygen consumption occurs with much slower kinetics than canonical inhibitors of OXPHOS that directly target the respiratory chain or ATPase ([Fig. 3e](#F3){ref-type="fig"}). The slow kinetics suggests that it takes time for meclizine to accumulate in mitochondria or alternatively, that it might act indirectly. To distinguish between these alternatives, we studied the effect of meclizine on isolated mitochondria. Using glutamate/malate, pyruvate/malate, or succinate as fuel substrates, we found no effect of meclizine on respiration of isolated mitochondria ([Fig. 4a-c](#F4){ref-type="fig"}). Meclizine did not have a qualitative impact on membrane potential or redox potential during respiratory state transitions of isolated mitochondria ([Fig. 4d,e](#F4){ref-type="fig"}). Furthermore, meclizine treatment had no effect on mitochondrial morphology, membrane potential, mitochondrial (mt) DNA copy number or the expression of mtRNAs in intact cells ([Supplementary Fig. 6](#SD2){ref-type="supplementary-material"} online). Collectively, these observations demonstrate that unlike classic inhibitors or uncouplers such as rotenone, antimycin, oligomycin or carbonyl cyanide m-chlorophenyl hydrazone (CCCP), meclizine does not itself directly inhibit/uncouple the OXPHOS machinery in isolated mitochondria, and that it does not reduce mitochondrial biogenesis in intact cells. Instead it may act via novel signaling or transcriptional mechanisms.

Activation of hypoxia inducible factor 1α (HIF1-α) or 2α (HIF2-α) is known to induce transcriptional rewiring of energy metabolism from respiration to glycolysis[@R23]. However, unlike with deferoxamine (DFO), a known inducer of the HIF pathway, we did not observe HIF1-α or HIF2-α stabilization following meclizine treatment ([Fig. 3f](#F3){ref-type="fig"} and [Supplementary Fig. 7a,b](#SD2){ref-type="supplementary-material"} online). Moreover, the kinetics of meclizine's OCR inhibition argue against a transcriptional mechanism, as meclizine showed inhibition within two hours, whereas OCR inhibition mediated by DFO only became apparent after 12 hours ([Supplementary Fig. 7c](#SD2){ref-type="supplementary-material"} online). In addition, we examined the effect of meclizine treatment on HIF-responsive genes using a HIF response element/luciferase reporter construct and recorded no induction of luciferase activity following 6 hour treatment ([Supplementary Fig. 7d](#SD2){ref-type="supplementary-material"} online).

Collectively these studies suggest that meclizine inhibits cellular respiration indirectly, in a HIF-independent manner that does not involve histaminergic or muscarinic receptor signaling.

Meclizine confers protection against ischemic injury {#S5}
----------------------------------------------------

Previous studies have clearly demonstrated that brief, nonlethal episodes of ischemia can confer prophylaxis against subsequent stroke[@R3],[@R7] or myocardial infarction[@R4],[@R5], and studies in model systems have shown that chemical inhibition of mitochondrial respiration can mimic this protection, a process coined "chemical preconditioning"[@R6]. Having shown that meclizine, an over-the-counter drug that crosses the blood brain barrier can gently silence respiration, we sought to determine whether this drug is cardioprotective and neuroprotective in cellular and animal models.

First, we tested meclizine in an adult rat ventricular cardiomyocyte model of simulated ischemia-reperfusion (SIR) injury ([Fig. 5a](#F5){ref-type="fig"}). A 20 minute meclizine pre-incubation followed by washout prior to ischemia elicited a dose-dependent protection of cardiomyocytes against SIR-induced death whereas other anti-histamines (pyrilamine and pheniramine) and anti-muscarinic agents (scopolamine and atropine) did not provide protection ([Fig. 5b](#F5){ref-type="fig"}). These results are consistent with the hypothesis that mild OXPHOS inhibition is cytoprotective in ischemic injury. As with the other cell types, meclizine inhibited oxygen consumption in cardiomyocytes in a dose dependent manner ([Fig. 5c](#F5){ref-type="fig"} and [Supplementary Fig. 8a,b](#SD2){ref-type="supplementary-material"} online) but not in isolated cardiac mitochondria ([Supplementary Fig. 8c,d](#SD2){ref-type="supplementary-material"} online). Next, we tested if meclizine protects isolated perfused rat hearts from ischemia-reperfusion injury in an *ex vivo* model of ischemic injury. Meclizine preserved heart pump function following the ischemic event ([Fig. 5d](#F5){ref-type="fig"}) and significantly reduced the infarct area of Langendorff perfused rat hearts subjected to 25 minutes of global ischemia ([Fig. 5e](#F5){ref-type="fig"}).

Chemical preconditioning has also been shown to be protective in the animal models of cerebral ischemia[@R6],[@R12],[@R24]-[@R26]. To determine whether meclizine might similarly be useful in this context, we first established safety and pharmacokinetic parameters for an intraperitoneal dosing regimen (see Methods). We found that mice tolerate daily IP injections of 100 mg/kg meclizine without any weight loss or behavioral changes even after four consecutive days. Six hours after a single IP dose the plasma concentration is in the 3-5 uM range, a concentration sufficient to blunt cellular respiration of primary mouse neurons ([Supplementary Fig. 9](#SD2){ref-type="supplementary-material"} online). We then tested whether meclizine is protective in cerebral ischemia by pre-treating mice with two intraperitoneal injections of 100 mg/kg meclizine, or an equal volume of vehicle at 17 and 3 hours prior to a one-hour transient middle cerebral artery occlusion ([Fig. 6a](#F6){ref-type="fig"}). We found that total infarct volume was significantly reduced by 23% in meclizine treated animals ([Fig. 6c](#F6){ref-type="fig"}). In addition, meclizine significantly reduced the area of infarction in brain slices with the greatest area of infarct ([Fig. 6d,e](#F6){ref-type="fig"}). The *in vivo* protective effect of meclizine is likely independent of its anti-histamine or anti-muscarinic property as treatment with pyrilamine or scopolamine did not decrease infarct volume ([Fig. 6c](#F6){ref-type="fig"}) or reduce the area of infarction in brain slices ([Fig. 6d,e](#F6){ref-type="fig"}). Furthermore, meclizine pre-treated animals tended towards having preserved neurological function compared to controls (*P*=0.07, Kruskal-Wallis non-parametric ANOVA).The cerebral blood flow deficit ([Fig. 6b](#F6){ref-type="fig"}) and the amount of postoperative weight loss did not differ between the groups.

DISCUSSION {#S6}
==========

Recent studies have shown that changes in cellular energy metabolism can accompany a range of human diseases, and that targeting energy metabolism may hold therapeutic potential. However, at present we lack an arsenal of clinically safe and useful agents that target energy metabolism. In this study, we have introduced a facile, nutrient-sensitized screening strategy aimed at identifying small molecules that shift cellular energy metabolism from respiration to glycolysis. We have identified several FDA-approved drugs that exhibit such activity and now hold therapeutic potential for a spectrum of human diseases. Focusing on one specific hit from our screen, meclizine, we have demonstrated that it suppresses OXPHOS via a mechanism distinct from classic inhibitors or uncouplers, and that it confers protection against cardiac and cerebral ischemic injury.

A large body of literature demonstrates that agents that blunt respiration can offer prophylaxis against cell death following ischemia and reperfusion in the heart[@R4],[@R5],[@R27] or brain[@R3],[@R6],[@R26]. This effect is thought to occur via suppression of oxidative injury and cell-death and may be related to protection conferred by ischemic preconditioning, though the precise molecular mechanism is not known. Notably, redirecting energy metabolism towards glycolysis has been shown to minimize oxidative damage and suppress apoptosis[@R28]-[@R30]. Interestingly, switching to an anaerobic metabolism appears to be a natural adaptation to reduced oxygen availability[@R31], and activation of the HIF pathway provides one such strategy for redirecting energy metabolism towards glycolysis[@R9],[@R32]. Recent studies utilizing genetic and chemical approaches of activating the HIF pathway have shown promising results in various models of ischemia-reperfusion injury. For example, myofibers of prolyl hydroxylase 1 (Phd1) knockout mice were shown to be resistant to acute ischemia because of reduced generation of oxidative stress[@R33]. In preclinical studies, PHD inhibitors have been shown to confer protection in models of myocardial infarction[@R34], stroke[@R35] and renal ischemia[@R36]. However, HIF regulates the expression of a plethora of genes, and unwanted side effects have remained a concern[@R37], suggesting that it might be useful to expand the arsenal of agents that shift energy metabolism.

Our screen has identified a new metabolic activity for meclizine, an over the counter drug that has been in use in the United States for more than 40 years for treatment of nausea and vertigo. In the current study, we found that 1 μM meclizine provided cytoprotection *in vitro* and *ex vivo* models of cardiac ischemia-reperfusion injury ([Fig. 5](#F5){ref-type="fig"}). In addition, we showed that meclizine significantly reduced infarct volume in an *in vivo* model of cerebral ischemia ([Fig. 6](#F6){ref-type="fig"}). The utility of pre-treatment paradigms described in this study arises in clinical settings in which ischemic insults can be anticipated. Examples of such situations include patients undergoing high-risk surgical procedures as well as in the large cohort of patients that suffer from diseases of recurrent ischemia such as unstable angina or recurrent transient ischemic attacks[@R38]. Interestingly, currently approved doses of meclizine are predicted to approach plasma concentrations that we now show confer cardioprotection. Post marketing surveillance data supports the safe nonprescription use of meclizine, and published studies in animals including nonhuman primates have shown that higher doses can be tolerated[@R39],[@R40]. However, because the potency of meclizine in blunting respiration appears to vary across cell types ([Fig. 3c](#F3){ref-type="fig"}, [5c](#F5){ref-type="fig"} and [Supplementary Fig. 9](#SD2){ref-type="supplementary-material"} online), preclinical studies of efficacy and toxicity are required to rigorously determine optimal dosing and safety regimens before evaluating the therapeutic potential of meclizine in humans.

Our detailed studies on the effects of meclizine on cellular energy metabolism clearly show that it silences mitochondrial respiration in a manner distinct from other drugs of known mechanism of action and without activating the HIF pathway ([Fig. 3f](#F3){ref-type="fig"} and [Supplementary Fig. 7](#SD2){ref-type="supplementary-material"} online). In contrast to canonical inhibitors, meclizine does not directly target the OXPHOS machinery in isolated mitochondria ([Fig. 4](#F4){ref-type="fig"}) and can be titrated over a broad range of concentrations to achieve inhibition of cellular OCR by 10 to 60% ([Fig. 3b](#F3){ref-type="fig"}). Our data suggest that meclizine acts independent of the muscarinic or histamine receptors, as drugs affecting these two receptors did not inhibit OCR ([Supplementary Fig. 5](#SD2){ref-type="supplementary-material"} online) and they do not confer neuroprotection or cytoprotection in our models ([Fig.5](#F5){ref-type="fig"} and [Fig. 6](#F6){ref-type="fig"}). At present we do not know the precise molecular target of meclizine responsible for this effect on energy metabolism, but one possibility is a metabolic target outside the mitochondrion whose subsequent impact is to re-route metabolism away from respiration. Alternatively, it is possible that meclizine may undergo a bio-transformation into a product that directly targets the OXPHOS machinery. We cannot exclude the possibility that meclizine, like many clinically used drugs, hits multiple cellular targets to impact cellular energetics and confer cytoprotection.

Nutrient-sensitized screening, as we have presented it, builds on previous studies that that shown that many cultured cells generate their ATP from either glycolysis or glutamine oxidation[@R14],[@R17]. However, the strategy may not necessarily work in other cell types, e.g., cells with less metabolic flexibility, cells that do not have pathways for glutamine oxidation, or postmitotic cells in which a growth assay is not possible. Another limitation of our approach is that the compounds that emerge from the screen may act not just on energy related pathways, but potentially other properties influenced by the switch in nutrients. For example, we have noted that cells grown in glucose tend to proliferate more quickly, and for this reason, drugs from the right side of the tail ([Fig. 2b](#F2){ref-type="fig"}) could either be blunting glycolytic metabolism or impacting rapid proliferation. Hence secondary assays are still required to confirm the energetic consequences of a drug identified by our screening assay.

Our screen contained only a few thousand compounds and has already shown high sensitivity for identifying drugs that target cellular pathways of energy metabolism. As we have shown here, compounds emerging from the upper tail of the distribution ([Fig. 2b](#F2){ref-type="fig"} and [Supplementary Table 2,4](#SD2){ref-type="supplementary-material"} online) could serve as valuable lead compounds for prophylaxis against heart attack, stroke, or more broadly, a wide variety of diseases involving oxidative damage, while the opposite tail includes dozens of compounds already used as chemotherapeutic agents, perhaps due to their selective toxicity in more rapidly proliferating cells. We anticipate that this strategy can be extended to other nutrients -- such as fatty acids or ketone bodies. The nutrient sensitized assay can also be employed to screen a much larger library of compounds or even genome-wide RNAi perturbations to systematically understand drug action and gene function within the broader context of cellular energy homeostasis.
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![Metabolic plasticity of human fibroblasts\
**(a-b)** Schematic representation of cellular energy metabolism pathways. (a) Cells grown in glucose rich media derive ATP from glycolysis as well as from glutamine-driven respiration. (b) Replacing glucose with galactose forces cells to generate ATP almost exclusively from glutamine-driven oxidative metabolism[@R14]. (TCA = Tricarboxylic Acid; ETC = Electron Transport Chain)\
**(c)** Measurement of extracellular acidification rate (ECAR), a proxy for the rate of glycolysis, and oxygen consumption rate (OCR), a proxy for mitochondrial respiration, of fibroblasts grown in 10 mM glucose or 10 mM galactose containing media for three days. Data are expressed as mean ± SD (n=5).](nihms170209f1){#F1}

![A nutrient sensitized screen to discover agents that shift energy metabolism\
**(a)** Schematic of the drug screen. MCH58 cells grown in 96 well plates in glucose or galactose containing media are exposed to a chemical library of 3695 compounds for 72 hours. The logarithm of the normalized cell number in glucose versus galactose serves as a summary statistic (*S~glu/gal~*) for each compound.\
**(b)** Results from a nutrient sensitized screen. *S~glu/gal~* is plotted for top and bottom 250 compounds. Known oxidative phosphorylation (OXPHOS) inhibitors are highlighted in red and anti-neoplastic drugs are highlighted in blue.\
**(c)** Secondary assays to evaluate compounds with modest yet positive *S~glu/gal~* scores. The OCR/ECAR ratio of selected compounds is plotted against the compounds' corresponding *S~glu/gal~* score from panel **(b)**. OCR and ECAR measurements were made on MCH58 cells grown in glucose and are normalized to cell viability. Compounds indicated by red symbols exhibited a statistically significant decrease in the OCR/ECAR ratio based on at least three independent replicates (*P*\<0.05; two-sided t-test).](nihms170209f2){#F2}

![Effects of meclizine on cellular energy metabolism\
**(a)** Cell viability of MCH58 fibroblasts cells cultured in glucose or galactose media with varying doses of meclizine for three days. Data are expressed as mean ± SD (n = 5).\
**(b)** OCR in MCH58 fibroblasts cells cultured in glucose media with varying doses of meclizine for 200 min. Data are expressed as mean ± SD (n = 3). (\**P*\<0.05; \*\**P*\<0.005; two-sided t-test).\
**(c,d)** OCR **(c)** and ECAR **(d)** in multiple cell types cultured in glucose media with 50 μM meclizine or DMSO for 200 min. Data are expressed as mean ± SD (n ≥ 3). (\* *P*\<0.05; two-sided t-test).\
**(e)** Time course of meclizine (50 μM) mediated OCR reduction over DMSO baseline compared to other inhibitors of OXPHOS (1 μM each) in 293 cells. Data are expressed as mean ± SD (n ≥ 3).\
**(f)** HIF-1α and HIF-2α detection by Western blot analysis of protein extract from HeLa cells after 6 hrs treatment with 0.1 % DMSO, 100 μM deferoxamine (DFO) or 50 μM meclizine. The complete immunoblot is provided as [Supplementary Fig. 7b](#SD2){ref-type="supplementary-material"}.](nihms170209f3){#F3}

![Effect of meclizine on bioenergetics of isolated mitochondria\
**(a-c)** Acute effect of meclizine on oxygen consumption in isolated mitochondria. Traces are representative of five independent measurements.\
**(d)** Acute effect of meclizine on mitochondrial membrane potential measured with tetramethyl rhodamine methyl ester (TMRM, 546±7 nm excitation, 590±4 nm emission) in isolated mitochondria. Traces are representative of five independent measurements.\
**(e)** Acute effect of meclizine on mitochondrial NADH (370±7 nm excitation, 440±4 nm emission) in isolated mitochondria. Traces are representative of five independent measurements. Mitochondria (Mito), glutamate and malate (G/M), Succinate (S), Pyruvate/Malate (P/M), meclizine (Mec) or DMSO, ADP, and carbonyl cyanide m-chlorophenyl hydrazone (CCCP) were added at indicated time points.](nihms170209f4){#F4}

![Meclizine is cardioprotective in cellular and *ex vivo* models of cardiac ischemia\
**(a)** Protocol for the simulated ischemia-reperfusion (SIR) model.\
**(b)** Viability of adult rat cardiomyocytes subjected to SIR, in the presence of indicated concentrations of meclizine (Mec), Atropine (Atrop), Pheniramine (Phenir), Pyrilamine (Pyril) and Scopolamine (Scopo).\
**(c)** Respiration of cardiomyocytes following exposure to indicated concentrations of meclizine.\
**(d-e)** Langendorff perfused rat hearts were subjected to 25 minutes of global ischemia followed by 2 hours of reperfusion. Meclizine treatment comprised infusion of 1μM (Mec) from a port above the aortic cannula for 20 minutes, followed by a 1 minute washout prior to ischemia. **(d)** Rate pressure product (heart rate × left ventricular developed pressure) is expressed as a % of the initial value throughout the ischemia-reperfusion (IR) protocol. **(e)** Following IR, hearts were stained with 2,3,5-Triphenyltetrazolium chloride (TTC) and infarct size was quantified. All data are means ± SEM from 4-6 individual experiments. (\**P*\<0.05, ANOVA in panel d, Student's t-test in panel e).](nihms170209f5){#F5}

![Meclizine is neuroprotective in a mouse model of stroke\
**(a)** Protocol for the murine model of stroke. Male C57BL/6 mice were treated with two intraperitoneal injections of 100 mg/kg meclizine, 20 mg/kg pyrilamine and 0.5 mg/kg scopolamine or vehicle at 17 and 3 hours prior to 1 hour transient middle cerebral artery occlusion followed by 24 hours of reperfusion.\
**(b)** Cerebral blood flow (CBF) measured at baseline and after common carotid and middle cerebral artery occlusion (CCAO and MCAO, respectively) upon treatment with meclizine, scopolamine, pyrilamine or vehicle. Data represent mean ± SD.\
**(c)** Infarct volume measured on TTC-stained 1 mm thick coronal slices obtained from mice treated with meclizine, scopolamine, pyrilamine or vehicle. Data points refer to independent experiments, and the solid line represents their mean. (\**P*\<0.05 vs. vehicle and scopolamine, *P*\<0.01 vs. pyrilamine; one-way ANOVA followed by Tukey's multiple comparison test)\
**(d)** Representative images of TTC-stained 1 mm thick coronal brain sections (slice 1-10).\
**(e)** Infarct area in the rostrocaudal extent of the brain (slice 1-10) upon treatment with meclizine, scopolamine, pyrilamine or vehicle. Data points represent the mean area of infarction in individual slice levels ± SD in mm^2^ (n=14 for vehicle, n=8 for meclizine, n=8 for pyrilamine, n=5 for scopolamine, \**P*\<0.05).](nihms170209f6){#F6}
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